When and how planets form in protoplanetary disks is still a topic of discussion. Exoplanet detection surveys and protoplanetary disk surveys are now providing results that are leading to new insights. We collect the masses of confirmed exoplanets and compare their dependence on stellar mass with the same dependence for protoplanetary disk masses measured in ∼1-3 Myr old star-forming regions. We recalculated the disk masses using the new estimates of their distances derived from Gaia DR2 parallaxes. We note that single and multiple exoplanetary systems form two different populations, probably pointing to a different formation mechanism for massive giant planets around very low-mass stars. While expecting that the mass in exoplanetary systems is much lower than the measured disk masses, we instead find that exoplanetary systems masses are comparable or higher than the most massive disks. This same result is found by converting the measured planet masses into heavy element content (core masses for the giant planets and full masses for the super-Earth systems) and by comparing this value with the disk dust masses. Unless disk dust masses are heavily underestimated, this is a big conundrum. An extremely efficient recycling of dust particles in the disk cannot solve this conundrum. This implies that either the cores of planets have formed very rapidly (<0.1-1 Myr) and a large amount of gas is expelled on the same timescales from the disk, or that disks are continuously replenished by fresh planet-forming material from the environment. These hypotheses can be tested by measuring disk masses in even younger targets and by better understanding if and how the disks are replenished by their surroundings.
Introduction
At least 30% of stars have planets (e.g., Zhu et al. 2018 ) and, given current detection limits, it is plausible that planetary systems exist around every star. Similarly, in clusters younger than 2 Myr, 60-80% of stars possess protoplanetary disks (e.g., Fedele et al. 2010) . Determining when these planets formed should be simple. It would require comparing the median mass of exoplanetary systems to the decrease in protoplanetary disk mass with age and determining the intersect. However, the lack of large samples of protoplanetary disk mass measurements and the incompleteness of exoplanet detection surveys have long hindered the task of constraining planet formation timescales. Furthermore, the fact that the millimeter emission from protoplanetary disks traces only the small dust mass (less than ∼cm) and that total disk masses are still uncertain (e.g., Bergin & Williams 2018 ) makes the comparison more challenging.
Works based on surveys of protoplanetary disk masses carried out before the advent of the Atacama Large Millimeter/submillimeter Array (ALMA) and on initial results from radial velocity and transit planet detection surveys, indeed suggested that the mass of protoplanetary disks is usually lower than the mass of the detected giant planets. In particular, Greaves & Rice (2010) , Williams (2012) , and Najita & Kenyon (2014) showed that only a tiny fraction of disks contain enough mass ESO Fellow to explain the mass of the large number of observed gas giant planets in the standard core accretion model. They proposed that planet formation must have been underway by the time these disks were observed (∼1-3 Myr). Similarly, Mulders et al. (2015) and Mulders (2018) used the planet detections from the Kepler mission to show that the measured mass in disks around low-mass stars is typically smaller than the observed amount of heavy elements in the planetary systems around the same kinds of stars.
The time is now ripe to compare the masses of disks and planetary systems for a wide range of stellar types. Surveys of disks in several star-forming regions carried out with ALMA over the past few years, combined with optical to near-infrared spectroscopic surveys, are showing that the mass of the dust content of protoplanetary disks increases with stellar mass following a steeper than linear relation and decreases with time (e.g., Ansdell et al. 2016; Barenfeld et al. 2016; Ansdell et al. 2017) . These results also show that disks around low-mass stars are less massive than the total mass in exoplanetary systems around similarly low-mass stars, for example TRAPPIST-1 Testi et al. 2016) . At the same time, surveys of exoplanets have now detected planets around stars with different stellar masses, and the dependences of the planet properties on host star masses can be addressed (e.g., Mulders 2018 Here we perform for the first time a detailed comparison of the disk masses measured with ALMA in young star-forming regions with the current information on planetary systems masses, as well as core masses, to infer information on planet formation timescales and processes.
Sample and data
Exoplanet data are taken from exoplanet.eu (Schneider et al. 2011) . From the catalog of 2018 July 10 we select only the confirmed planets. Since our analysis is based on the dependence of the stellar mass (M ) to the planet mass (M pl ), we only select targets for which these values are both available.
Starting from the catalog of confirmed exoplanets we construct our catalog of masses of exoplanetary systems by summing up the masses of individual planets in each system. These planetary masses are directly measured for ∼80% of the exoplanetary systems. The reported masses represent a lower limit to the total mass in a system since planet detection surveys are still incomplete and a factor of 1/sin(i) makes the actual masses larger most of the times. The masses of exoplanetary systems discussed here are still expected to be modified by future exoplanet detections. On the one hand, the masses of exoplanetary systems will increase when multiple planets in the known systems are detected. This will be a small or negligible effect, since only the lower mass planets are still unknown in a given exosystem. On the other hand, more sensitive exoplanet surveys will detect less massive planets, perhaps revealing the existence of other exoplanetary systems with overall lower total planet masses. These combined effects will increase the already wide (4 dex) spread of exoplanetary systems masses at any given stellar mass (see Fig. 1 ). However, the current data already allow us to draw reasonable preliminary conclusions on when and how planets form, as discussed in the following.
The measurements of protoplanetary disk masses (M disk ) are obtained from the surveys carried out with ALMA for disks in the ∼1-3 Myr old Lupus and Chamaeleon I star-forming regions, the youngest regions extensively studied with ALMA to date (Ansdell et al. 2016; . Disk dust masses are derived in these surveys by converting the millimeter continuum flux using a single value for the dust opacity and the disk temperature. Such measurements are thus only sensitive to grain sizes up to ∼cm and are based on the emission from the outer regions of disks (R > 10 au) (e.g., Bergin & Williams 2018) . Disk total masses, inferred from gas emission lines, are still more uncertain (e.g., Miotello et al. 2017; Bergin & Williams 2018) . For this reason, instead of using gas emission lines data, we estimate the total disk mass starting from the dust mass in disks and assuming a constant gas-to-dust ratio of 100. For these regions M is available for the vast majority of the disk-hosting stars from the spectroscopic surveys of Alcalá et al. (2014 Alcalá et al. ( , 2017 in Lupus, and of Manara et al. ( , 2017 in Chamaeleon I. As discussed in Appendix A, we rescale the disk masses and stellar luminosity, and thus recalculate stellar masses, using the distances inferred from the newly delivered Gaia DR2 parallaxes (Gaia Collaboration et al. 2016 . The availability of accurately determined stellar masses is needed for our analysis. For this reason we cannot include the results of the survey in the ρ-Ophiucus region by Cox et al. (2017) .
The dependence of both the exoplanetary systems, single exoplanets, and disk masses on the host star mass is shown in Fig. 1 . As noted by , among others, the dependence of disk masses on stellar masses for the targets in the Lupus and Chamaeleon I regions has a steeper than linear slope and the two distributions are indistinguishable, although the disks in the Lupus region are slightly more massive than those in the Chamaeleon I region (Ansdell et al. 2017) . In the following, we consider the data from the two regions altogether.
The main difference between the distribution of the masses of single exoplanet and systems of exoplanets is the population of very massive single exoplanets (M pl M J ) around stars with M < 0.3M , a region of the parameter space where no exoplanetary systems (i.e., only single planets) have been found to date. Since the mass ratio of these massive planets to their (small) host star is high (10 −2 to ∼ 1), it is plausible to infer that they may have been formed directly, as in binary stellar systems. In the following, we consider mainly the total masses in multiple exoplanetary systems for the comparison with the disk masses.
Comparison between disk and exosystem masses
When comparing the total mass in exosystems with the disk masses, we note that for low stellar masses (M 0.3M ) the planetary system masses increase with stellar mass as the disk dust mass, although with a weak correlation. The median of the disk dust masses in this stellar mass range is a factor of ∼0.2-0.3 of the exoplanetary system masses ( Fig. 2) , smaller than the expected >1 factor. It is possible that smaller planets are more difficult to detect, but since the upper envelope (90th percentile) of the distribution of disk dust masses is barely compatible with the median of the exosystem masses, the existence of smaller mass planets would not change the fact that there are planets more massive than the most massive disks. This means that exoplanetary system masses are usually higher, and in the best-case scenario comparable with disk dust masses. In this stellar mass regime planets have M pl 10M ⊕ , and they can be considered to be mainly rocky; instead, for higher stellar and planetary system masses, a wide spread of planet masses is present, with lowmass rocky planets as well as higher mass planets with gaseous envelopes detected. When comparing the planet masses with the total disk masses under the assumption of a constant gas-to-dust ratio of 100, it is found that the median of the disk masses is higher than the median of the exoplanet masses by a factor of less than 10, while the 90th percentile of the two distributions are always comparable within a factor of 3. However, the assumption of a constant gas-to-dust ratio of 100 is uncertain. We therefore perform a comparison of the disk dust masses with the core masses in planets and planetary systems. The main reasons for this choice is that the mass of planetary cores is mainly composed of the same heavy elements as the dusty component of disks, and that the disk dust masses are in general less uncertain than total disk masses. If the dust material in the disk has not yet grown to sizes larger than those probed by the millimeter flux of the disks, the disk dust material represents the material available to form planetary cores and rocky planets. The opposite possibility is considered in Sect. 4.1. For rocky planets, assumed here to be those with M pl < 10M ⊕ , we use their total mass as a tracer of the heavy element content. For more massive planets, instead, we convert the planet mass into core masses using the relation found by Thorngren et al. (2016) using a sample of 47 transiting planets. We calculate the total mass of heavy elements in exosystems by summing up the individual masses of rocky planets and cores of giant planets in each exosystem. The dependence of the total core planets masses on stellar mass is shown in Fig. 3 together with the disk dust masses. The median values of the disk dust masses are systematically ∼0.2-0.3 times the heavy element content of planetary systems at all stellar masses <2 M . This confirms that the result obtained for disks and planets around low-mass stars is valid at all masses, and that the measured dust content in protoplanetary disks is smaller than the masses of the cores of exosystems. It is also worth noting that planetary systems are concentrated within a few au from the central star, whereas most of the disk mass is farther out. This makes the imbalance between planet masses and disk masses even more pronounced, as planet masses are much larger than the local disk masses. Planet migration and/or pebble accretion might help to alleviate this issue because both processes concentrate the solid mass from a large portion of the disk into its inner part. In the next section we address possible solutions to this conundrum. 
Discussion
The results shown in Sect. 3 pose a serious question of whether the protoplanetary disks have enough mass to form planets when they are ∼1-3 Myr old, the age of the disks analyzed here. From the theoretical perspective, all models to explain the formation of planetesimals and planets are based on processes that are quite inefficient. In scenarios like pebble accretion (e.g., Johansen et al. 2007; Johansen & Lambrechts 2017; Ormel 2017) , for example, only a small fraction of the pebble flux is captured by growing planets (see Guillot et al. 2014) . If the total disk dust mass, calculated assuming a distribution of grain sizes, is a proxy of the amount of both small dust particles and pebbles, the disk dust mass is expected to be larger by at least one order of magnitude than the final mass in heavy elements in the planetary system. As we showed in Fig. 3 , the heavy element content in exoplanetary systems can be as high as ∼2-3 M J for solar mass stars, and 0.02 M J , about 6.4 M ⊕ , around brown dwarfs (e.g., the TRAPPIST-1 system, Gillon et al. 2017 ). In the solar system, summing up the mass in the terrestrial planets, in the cores of the giant planets, and in the progenitors of the Kuiper belt and Oort cloud, the total amount of heavy elements is about 130 M ⊕ , or 0.4 M J (e.g., Guillot et al. 2014) . On the contrary, the highest measured dust masses of protoplanetary disks at ∼1-3 Myr are ∼0.5-1 M J around solar mass stars, and 0.01 M J , ∼3 M ⊕ , around brown dwarfs (see also discussion by . These are also the masses of a tiny fraction of disks, whereas the bulk of the disk population has masses that are one order of magnitude smaller (see Fig. 3 ). This comparison shows that either planet accretion is more efficient than current models suggest or that other scenarios are needed. A first naive possibility to explain this discrepancy is that the current surveys of exoplanets are biased towards high-mass planets, and the bulk of the population of exoplanets is instead much less massive than the one we observed. However, disk surveys are only targeting the disks that are still massive at ∼1-3 Myr, and, for example, they do not include less massive disks which are optically thin in the near-infrared (Class III). These two biases should balance out.
Another possibility to explain the discrepancy is that disk dust masses are highly underestimated. It has been shown that some dust mass can be confined into optically thick inner regions of disks (Tripathi et al. 2017; Ansdell et al. 2018) and that the opacity of disks and their temperature is still debatable (e.g., Andrews et al. 2013; . It is also possible that a significant fraction of the dust content of disks has grown to cm sizes or more (e.g., Williams 2012; Najita & Kenyon 2014), and is thus not detected by millimeter observations. However, there are reasons to believe that disk masses are not underestimated by more than one order of magnitude. For example, significantly higher disk masses would make the measurements of faint CO emission lines (e.g., Miotello et al. 2017; Long et al. 2017 ) implying a gas-to-dust ratio much smaller than 100 even more difficult to explain, except in very old disks transitioning towards the debris phase. Furthermore, significantly underestimated disk dust masses would conflict with the observed general agreement of the measured disk masses and mass accretion rates with expectations from viscous evolution theory (e.g., Rosotti et al. 2017; Lodato et al. 2017) . As discussed by , among others, this possibility is not enough to explain the apparent discrepancy between disk masses and planetary masses.
We do not believe that an efficient recycling of dust material in the disk is sufficient to explain the discrepancy. In such a scenario, the dust material that drifts inwards is then captured in disk winds originating in the innermost region of the disk (R < 1 au) and is redeposited in the outer disk (R > 10 au), where it will be able to again drift inwards. This scenario is commonly used to explain the observed population of calcium, aluminumrich inclusions (CAI) and other aggregates present in bodies located throughout our solar system (e.g., Ciesla 2010; Desch et al. 2017) . Within this scenario, the single dust particle has multiple possibilities to be accreted onto planetesimals or planets. This increases the overall efficiency of planet accretion (i.e., the probability that dust is ultimately incorporated into a planet). However, even in the best-case scenario where the efficiency grows to ∼1, the total mass available for planet accretion would still be limited by M disk,dust , which as we have seen is typically smaller than the observed total planet heavy element mass. Moreover, it is implausible that all the material in the disk is recycled. Indeed, the ratio of mass loss in winds to mass accreted onto the central star sets a generous upper limit to the fraction of particles that can be recycled. Since this ratio is usually measured to be <50%, and usually ∼10% (e.g., Nisini et al. 2018 ), we consider that this scenario cannot explain the observed discrepancy between disk and planetary systems masses.
We propose in the following two possible explanations for the observations.
Early formation of planetary cores
One way to explain the observations is to postulate that the cores of planets are formed in the very first Myr of the protoplanetary disk evolution, or even in the embedded phase while the disk is still forming. The disks for which masses have been measured have ages >1 Myr, and a general trend of declining disk mass with ages older than 1 Myr has been observed (e.g., Barenfeld et al. 2016 ). Thus, it is possible that disks were massive enough to form the cores of planets at younger ages. This idea has been suggested by Greaves & Rice (2010) , Williams (2012) , and Najita & Kenyon (2014), among others. In this scenario, the vast majority of the material composing planets must already be in the form of planetesimals, for rocky planet formation, and of already-formed planetary cores. The latter condition is necessary as gas giant planets need to accrete gas from the gas-rich disk. Assuming a gas-to-dust ratio of 100, disks at ∼1-3 Myr have just the right amount of gas mass to explain the population of gas giants (see Fig. 1 ). Thus, cores must already be in place at this age. Scenarios have been proposed to explain that pebble accretion can form planetesimals very early (<0.1 Myr) in disks, when these are massive and possibly gravitationally unstable (Booth & Clarke 2016) . However, it is expected that the formation of planetary cores is highly inefficient, with ∼350 M ⊕ of pebbles needed to grow the core of Jupiter from half a lunar mass to 20 M ⊕ (e.g., Morbidelli et al. 2016) . Thus, such an inefficiency would imply that disks were initially ∼10-100 times more massive than is observed at ages >1 Myr. This would also imply that the vast majority of disks were initially gravitationally unstable. One issue of this scenario is that, if early disks are ∼10-100 times more massive than observed for disks older than 1 Myr, an extremely efficient gas-removal mechanism has to be found, consistent with the observations of Class 0 outflows (Frank et al. 2014 ).
This scenario is nevertheless in line with the recent result that the proto-core of Jupiter, with a mass of about 20M ⊕ , formed very rapidly, within 1 Myr (Kruijer et al. 2017) . Also, the rings observed in the disk around the still embedded <1 Myr old HL Tau protostar (ALMA Partnership et al. 2015) may be carved by the presence of planets (e.g., Dipierro et al. 2015) suggesting, again, early planet formation. It should be noted that processes other than planet formation have also been invoked to explain the formation of these ringed structures in HL Tau (e.g., Lorén-Aguilar & Bate 2015).
Disks as conveyor belts
We explore here another possibility where the disks are similar to a conveyor belt that transports material from the environment to the central star. In this scenario, the disk is replenished with material from the surrounding interstellar medium either continuously or in various episodes (e.g., Throop & Bally 2008; Kuffmeier et al. 2017 ). This material, consisting of gas and small dust grains, is processed in the disk while drifting towards the central star. The material that is not processed in the disk is either accreted onto the central star or ejected through winds, and can even be partially recycled. This scenario is very similar to the one explored by Padoan et al. (2014) to explain the luminosity problem of embedded protostars, the dependence of the mass accretion rate onto the central star, and the presence of large grains in disks. Starting from the modeling of stellar cluster formation in turbulent molecular clouds, Padoan et al. (2014) have shown that the inferred infall rates onto the star-disk system, a sink particle in their simulation, are comparable to the mass accretion rates on the central star measured spectroscopically in young stellar objects (∼ 10 −12 − 10 −6 M /yr, Manara et al. 2012) , covering almost this whole range of values at any M . A similarly vigorous accretion rate (∼4×10 −8 M /yr) of material from the environment, in this case an envelope, onto the protoplanetary disk was measured by Semenov et al. (2005) for the AB Aur young stellar object, which has M ∼2.4M . Assuming an accretion rate of 10 −8 M /yr, which is typical for all M in the simulations if such a process of accretion of material onto the disk from the environment is sustained for ∼ 1 Myr after the time we are observing them, this would give to the disk 0.1 M J of additional dust material (and 10 M J of gas) to be used for planet formation. This value is comparable to the median of the measured disk dust masses for disks around stars with M 1M , similar to the AB Aur system. Disks around lower mass stars will have in general a lower accretion rate onto the disk, since in the Bondy-Hoyle accretion scenarioṀ acc ∝M 2 , but the scatter of the relation between the accretion rate from the environment onto the disk as a function of M has a large spread (Padoan et al. 2014 ), and it is thus possible that this process gives enough material to the disks to form planets. Simulations of face-on accretion of ISM material onto protoplanetary disks indeed show that the rate of material accreted onto the disk can even be as high as 10 −6 M /yr depending on the density of the ISM material, on the relative velocity between the disk and the ISM, and on the disk sizes (Wijnen et al. 2016 (Wijnen et al. , 2017 . However, it is still unclear how many star-disk systems are actually accreting material from the environment and whether this process is continuous or episodic.
Finally, it is worth noting that Scicluna et al. (2014) have even proved that disk-less stars going through over-densities of the local molecular cloud remnant are able to capture enough material to form a new disk around them, thus giving planet formation a second chance.
Conclusions
We collected the exoplanet and exoplanetary system masses and the masses of their host stars, and recalculated protoplanetary disk and disk-host star masses using the newly estimated distances based on Gaia parallaxes. We observe that single exoplanets around very low-mass stars can have masses almost as high as their host stars, whereas this is never observed in exoplanetary systems. This possibly points towards a different formation mechanism for these massive exoplanets around very low-mass stars. We have shown that current measurements of protoplanetary disk dust masses in ∼1-3 Myr old regions are lower than or, at most, comparable to the amount of heavy element material in the exoplanetary systems discovered to date. Unless disk dust masses are underestimated by more than one order of magnitude, this result challenges the current theories of planet formation according to which planet formation should not be a very efficient process. We discuss two scenarios to explain this discrepancy: (i) an early formation of planetary cores at ages < 0.1 − 1 Myr, when the disks may be more massive than those, much older, that are typically observed and (ii) the possibility that disks are replenished by fresh material from the environment during their lifetimes so that the total amount of material available for planet formation greatly exceeds that observed in the disk at any given time.
In order to confirm either of these hypotheses it is important to obtain measurements of disk dust masses and measurements of dust size distributions in disks in younger regions and in more embedded objects (Class 0/I), and to determine how many disks are replenished with material from the environment throughout their lifetimes. we have revised the stellar masses and disk masses for all the targets in the samples of young stars with disks in the Lupus and Chamaeleon I star-forming regions. The data for the objects in these regions were initially analyzed assuming a distance of 150 pc or 200 pc for the targets in the Lupus region Ansdell et al. 2016 ) and 160 pc for targets in the Chamaeleon I region ).
Here we queried the Gaia archive for all these targets to obtain the measured parallaxes and their uncertainties. We inverted the parallax measured in milliarcseconds to obtain the distance of the targets in parsec in the cases when the relative uncertainty on the parallax measurement was smaller than 10%. For the other targets with either more uncertain measurements of parallaxes or without a Gaia parallax measurement, we have assumed as a distance the inverted weighted mean of the parallaxes of all the objects in either the Lupus or Chamaleon I samples. These median distances are 158.5 pc and 190 pc for the two regions, respectively. We note that the latter is well in line withe the estimate of Voirin et al. (2018) based on Gaia DR1 data. The distances used here are reported in Col. 3 of Tables A.1 and A.2. The new estimates of stellar masses are obtained by rescaling the stellar luminosities from Alcalá et al. (2017) and to the new distances, and by comparing the new stellar luminosities and the effective temperatures of the stars with the evolutionary models by Baraffe et al. (2015) , when possible, or Siess et al. (2000) for stellar masses higher than 1.4 M . These newly determined stellar masses are reported in Co. 4 of Tables A.1 and A.2. Finally, the disk masses are obtained by rescaling the disk masses reported by Ansdell et al. (2016) and for the new distances, and are reported in Col. 5 of Tables A.1 and A.2.
As shown in Fig. A.1 , the new distances do not drastically modify the overall distribution of the values of disk masses as a function of stellar masses with respect to previous works. Overall, we note that disk masses in the Chamaeleon I region are slightly higher than previously reported, while a slightly smaller spread is observed in the disk mass distribution for the disks in the Lupus region.
